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Abstract. As part of the ALOHA-93 campaign a high perform- 
ance all-sky CCD imaging system was operated at Haleakala 
Crater, Maui, to obtain novel information on the properties and 
sources of short period gravity waves over an extended height 
range -80-100 kin. Sequential observations of the near infrared 
OH and O2(0,1) bands and the visible wavelength OI(557.7 nm) 
and Na(589.2 nm) line emissions have enabled a unique 
comparison of the morphology and dynamics of the wave 
motions and their occurrence frequency at each emission altitude 
to be made. Two major findings are: (a) the detection of signifi- 
canfly higher amounts of wave structure at OI altitudes (-96 lena) 
compared with that in the OH emission (-87 kin) and (b) the 
discovery of an unusual morphology, small-scale wave pattern 
that was most conspicuous in the OI emission and essentially 
absent at OH heights. These data provide strong evidence for 
the presence of ducted wave motions in the lower thermosphere. 
Introduction 
The naturally occurring nightglow emissions provide an 
excellent medium for the remote sensing of short period (<1 
hour) gravity waves in the upper mesosphere and lower thermo- 
sphere. In particular, image data give unique information on the 
two-dimensional horizontal parameters of these waves. To date, 
most imaging studies have been made of the bright near infrared 
(NIR) hydroxyl (OH) band emissions which originate from a 
well defined layer centered at ~87 kin. Occasional observations 
have also been made of the NIR O2(0,1) At band (peak altitude 
~94 kin) [Hecht and Walterscheid, 1991] and the visible wave- 
length OI(557.7 rim) line (peak altitude ~96 kin) [Armstrong, 
1982], while measurements of the faint Na(589.2 rim) D lines 
(peak altitude ~90 kin) are exceptionally rare [Taylor eta!., 
1987]. Measurements of more than one nightglow layer are un- 
common, yet they provide a simple and powerful tool for explor- 
ing the propagation of gravity waves over an extended height 
region in the vicinity of the mesopause [Noxon, 1978; Taylor et 
al., 1987]. For the ALOHA-93 campaign a novel imaging sys- 
tem was developed to investigate the morphology and dynamics 
of gravity waves that existed in the ~80-100 km height range. 
Instrumentation 
The monochromatic maging system utilized a bare (1024 x 
1024 pixel) charged coupled evice (CCD) of high quantum effi- 
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ciency (~80% at visible, 50% at NIR wavelengths). The large 
dynamic range and low noise characteristics (dark current <0.5 
e'/pixel/sec) of this device provided an exceptional capability for 
quantitative measurements of faint, low contrast (<5%) gravity 
waves. The camera used a fast (f/4) all-sky (180 ø) telecentric 
lens system and a five position filter wheel. Table 1 lists the 
filter characteristics and exposure times. Four emissions were 
measured: the NIR OH and O2(0,1) bands and the OI (557.7 
nm) and Na (589.2 nm) lines. A background measurement (Bg) 
was also made at 572.5 nm to aid the analysis of the visible 
wavelength data. The exceptional sensitivity of the imager 
enabled sequential measurements at a high repetition rate of 3-5 
rain for the OI emission and ~9 rain for the other emissions. 
Observations and Results 
Observations were made from 6 to 23 October, 1993 from the 
DOE Facility, Haleakala Crater, Maul (20.8øN, 156.2øW, 
2970m). The weather conditions were good but deteriorated 
around the new moon. Nevertheless, excellent image data were 
obtained on ten nights and limited observations on a further four 
occasions. In total nearly 6,000 images were recorded. 
Wave Morphology and Dynamics 
We!l-defined wave patterns were observed in all four 
nightglow emissions. Comparison of these data sets reveals that 
the most commonly imaged structure consisted of extensive, 
large-scale waves, termed "bands", which are generally believed 
to be the signature of freely propagating short-period (<1 hour) 
gravity waves [Taylor et al., 1987]. Although reports of multiple 
wave events are relatively rare, complex wave patterns 
consisting of two or more band events were routinely observed, 
especially in the OI emission. Several examples of wave 
structure are given in Figure 1. Figure la shows two near 
orthogonal band patterns imaged in the OI emission on 22 
Table 1. Filter details and exposure times for the imager. 
Filter Wavelength Bandwidth Transmis- Integration 
(nm) (nm) sion (%) Time (sec) 
OI 557.7 2.65 ~83 90 
Na 589.1 2.5 ~80 120 
Bg 572.5 2.67 ~83 90 
O2(0,1) 865.5 12.0 ~85 90 
OH* 715-930 215 ~80 20 
* with a notch at 865 nm to suppress the O2(0,1) emission 
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throughout the ~80-100 km region), but the fainter wave pro- 
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The dominant SW-ward wave motion is clearly seen but there is 
very little evidence of the second, orthogonal wave pattern. This 
situation arose often during the campaign indicating that a sig- 
nificant fraction of the waves exhibited ducted or evanescent 
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Figure 2. Map showing the geographic positions and scale sizes 
of the three Ol wave motions evident in Figure lc (assuming an 
emission height of 96 km). For comparison some of the 02 data 
of Figure ld are also plotted (assuming a height of 94 km). 
Figure 1, Images a-d show four examples of gravity wave "band" 
structure: (a) is an OI image recorded on 22 October at 14:45 UT, 
(b) is an Na image taken on the same night as 'a' but at 12:44 UT 
(note the bright lines show the University of Illinois Na lidar beam 
pointing at two azimuths during the 120s exposure), (c) is a 
complex OI image recorded at 11:28 UT on 9 October and, (d) is 
an 02 image on the same night as 'c' at 13:24 UT. The shield in 
images 'c' and 'd' blocks out the rising moon. Image (e) shows an 
isolated NIR OH ripple event (top right of image) recorded on 10 
October at 09:00 UT. Finally, (f) shows a new wave pattern 
consisting of a row of short wavelength waves imaged in the OI 
emission on the same night at 'e' as 09:30 UT. 
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In contrast to the band measurements, Figure le shows an 
example of a small-scale wave event termed a "ripple". Ripples 
are quite distinct from bands, exhibiting short horizontal 
wavelengths (typically 5-15 km) and extending over much 
smaller geographic areas. The ripples in Figure le were imaged 
in the OH emission and are typical of an isolated event lasting 
<30 min. However, ripples were also observed to occur in the 
presence of much larger-scale bands with no apparent 
association. An important new result of our ALOHA-93 
measurements i  that ripples were rarely (if ever) observed in all 
four emissions at the same time. 
On several occasions we detected a novel morphology wave 
pattern which outwardly resembled a ripple event but which was 
considerably arger in spatial extent and had a much longer 
lifetime. Figure if is an example of this type of wave pattern. 
The image is dominated bya set of small-scale waves consisting 
of many crests (>14) aligned in a row. Occasionally these waves 
would appear as a single row (as in this image), but they were 
most often seen in groups of two or more rows, oriented in the 
same general direction and dispersed over a large area of sky. 
The apparent width of the rows was restricted to typically <50 
km but their overall ength spanned hundreds of kilometers. In 
this example the horizontal wavelength (l.h) of the waves was 12 
km (Table 2) and the row length >160 km. These unusual 
patterns were imaged on several occasions and were most 
conspicuous in the OI emission, less contrasted in the 02 and Na 
emissions and were rarely imaged at OH wavelengths uggesting 
ducted wave motions. A detailed investigation of these patterns 
is presented in Taylor et al. [1995]. 
Frequency of Occurrence 
was imaged. The total dear sky observing time for each 
emission was similar at ~80 hours, but as already indicated, 
theamount and type of structure detected in each emission varied 
considerably from night to night. Structure was most frequently 
imaged in the OI emission at ~95% of the observing time, and 
least frequently in the OH and 02 emissions at ~57%. 
Likewise, ripples were most common in the OI emission (57% 
of structure time), while the OH and 02 emissions again showed 
the lowest occurrence frequency (19% and 25% respectively). 
Of considerable surprise was the fact that wave structure was 
routinely detected in the faint Na emission at over 70% of the 
time, of which 35% was in the form of small-scale waves. 
For most of the time the OI and Na emissions exhibited 
considerably more structure than the OH emission suggesting a 
preponderance for ducted (or evanescent) waves in the higher 
altitude emissions. However, from 18-22 October all four 
emissions howed similar wave activity with band structure de- 
tectable for much of the time suggesting a change in the prevail- 
ing conditions towards freely propagating waves. Observations 
of structure in the 02 emission were anomalously low (com- 
pared with that in the OI emission) throughout the campaign. 
Discussion 
Data gathered during ALOHA-93 reveal a wealth and diver- 
sity of wave structure throughout he upper mesosphere and 
lower thermosphere showing that short period gravity waves are 
commonplace over the mid-Pacific ocean. Surprisingly, the 
occurrence of wave structure was considerably higher in the Ol 
(>35%) than in the OH emission which was similar to previous 
measurements [Taylor and Hill, 1991]. As observations of the 
Histograms of the frequency of occurrence of structure for visible wavelength emissions are relatively rare, it is not known 
each emission are given in Figure 3. The shaded areas indicate whether this situation was atypical. Recent measurements using 
the'amount of time that structure ofany type (primarily bands) the same imager at Bear Lake Observatory, Utah (41.6øN) also 
was detected somewhere within the camera's field of view indicate a significantly higher occurrence of OI wave structure (>600,000 kin2). The solid areas indicate the fraction ofthat on many nights. This result provides persuasive e idence for 
time that small-scale structure, mainly in the form of ripples, the existence of ducted short period wave motions in the higher 
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Figure 3. Frequency of occurrence of wave structure in each nightglow emission. No data were obtained on 16 
and 17 October due to bad weather. 
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altitude missions. These waves may have originated in distant 
tropospheric weather disturbances or alternatively they may have 
been generated in the upper atmosphere by the breakdown of 
large-scale motions possibly of tidal origin. An assessment of 
the relative percentage of ducted versus freely propagating short 
period waves is important (but has yet to be made) as ducted 
waves propagate over much larger horizontal distances before 
they impart heir momentum into the background medium. 
It is also possible that gravity waves may have been more 
easily detected at OI altitudes (~96 kin) due to their growth in 
amplitude with height (assuming no dissipation). The higher 
occurrence frequency for Na structure (~90 km) compared with 
OH structure is consistent with this idea. However, images of 
the 02 layer (which exists in close proximity to the Ol emission 
at ~94 kin) exhibited much less wave structure (similar to that 
of the OH emission) and do not support this notion. This point 
together with numerous observations of extensive, band-type 
displays in the OI emission that were essentially absent in the 
OH emission, indicates that other important factors, such 
asducting, can affect significantly the abundance of waves in the 
higher altitude missions. Indeed, the short observed periodici- 
ties of many of the wave motions discussed here (Table 2) are 
close to the local Brunt-V•is•l• period (~5 min) and are 
therefore susceptible to ducting in the vicinity of the mesopause. 
Small-scale wave motions in the form of ripples were ob- 
served in abundance on some nights but were virtually absent on 
other nights. On several occasions OI ripple patterns were also 
observed simultaneously in different areas of sky but at acute 
angles to each other. Together with the fact that ripples were 
rarely observed simultaneously in all four emissions these 
observations provide strong support for the hypothesis that 
ripples are generated in-situ over a limited height range by 
short-lived velocity shears [Taylor and Hapgood, 1990]. 
The detection of a novel, row-like, wave pattern has 
prompted considerable interest. The elongated morphology of
the rows of waves is a characteristic that deafly discriminates 
them from other small-scale "ripple" events. These patterns 
tended to occur on nights when there was marked gravity wave 
activity in the form of extensive bands and they often appeared 
to be aligned orthogonal to the larger scale waves. However, it 
is not thought that they are the signature of large-scale gravity 
waves breaking as their horizontal wavelengths (typically 10-20 
kin) are too large and their lifetimes (>1 hour) too long to result 
from such an instability [Fritts et al., 1993]. One possible 
explanation of this type of wave pattern, based on the 
interference of two ducted short-period band motions exhibiting 
similar characteristics, but slightly different propagation 
headings, isdiscussed in Taylor et al. [1995]. 
In summary, the CCD imager developed for this campaign 
has proven to be exceptionally sensitive, providing an 
abundance of data on short-period wave motions particularly at 
visible wavelengths. Initial analysis of these data have revealed: 
1. copious amounts of wave structure in the OI emission, 
2. first detailed image measurements of Na wave structure, 
3. different occurrence frequencies for waves in each emission, 
4. evidence of ducted, as well as, freely propagating waves, and 
5. a novel type of ducted wave pattern, mainly at OI heights. 
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